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Abstract 
The present investigation has been carried out to understand the effect of mean stress on room temperature ratcheting behaviour 
of solution annealed AISI 304 stainless steel at constant stress amplitude. It is found that the ratcheting strain to failure linearly 
increases with increase of mean stress and there is no significant difference in the accumulated ratcheting strain with change in 
solution annealing temperature vis-a-vis grain size. While the number of cycles to complete failure increases exponentially with 
mean stress irrespective of solution annealing temperature, the ratcheting life is found to increase when soltionin annealing is 
done at lower temperature. This variation is believed to be associated with the tensile yield strength of the specimens solutionised 
at two different temperatures.  
© 2014 The Authors. Published by Elsevier Ltd. 
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1. Introduction 
     The cyclic stress or strain response of different materials is commonly studied under symmetrical loading 
conditions. Various life prediction models for such symmetrical cyclic loading are available in literature. However, 
the loading condition of most of the cyclically loaded structural components is not symmetric. This happens because 
of temperature gradients, which occur on heating and cooling during start-ups and shut-downs, or during variations 
in operating conditions. It is well reported in literature that under conditions of asymmetric cyclic loading between 
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two fixed stress limits in the elastic-plastic domain progressive accumulation inelastic strain occurs in components 
or in specimens in the direction of mean stress. This phenomenon is simply known as ratcheting or ratcheting 
fatigue [1, 2]. It is thus understood that during asymmetric cyclic loading in the elastic-plastic domain damage due 
to permanent deformation occurs along with fatigue damage. It is commonly reported that due to such permanent 
deformation deterioration of cyclic life as compared to that observed in case of symmetrical loading conditions 
occurs. However, such is the observation when ratcheting occurs under load-control (i.e., engineering stress-control 
mode). But, it is not very clear what would happen when ratcheting occurs under true-stress control. Since the 
deformation behaviour of any material is best understood by the true stress, it is necessary to understand the 
ratcheting behaviour under true-stress control mode of experiments.  
The Ratcheting behaviour of different materials has been studied over the last three decades. In particular, the 
effect of mean stress (m), stress amplitude (a), stress rate, temperature (T) on the ratcheting behaviour has been 
studied by many investigators. The dependence of ratcheting strain evaluation on mean stress has been found to be 
true for almost all materials with different hardening-softening characteristics [3-7]. Also, pronounced effects of 
stress amplitude on ratcheting behaviour are observed in all investigations. The effect of stress amplitude is reported 
to be dominant over the effects of all other parameters affecting ratcheting behaviour. In spite of numerous 
researches the effect of grain size on ratcheting behaviour is not clear. It is only in one investigation [8] it has been 
observed that decreasing the ferrite grain size deteriorates ratcheting behaviour in case of low carbon microalloyed 
steel. 
Austenitic stainless steel (ASS) of different variety finds extensive applications in power generating applications. 
In such applications components of ASS undergo cyclic loading. It is, therefore, necessary to understand the 
ratcheting behaviour of austenitic stainless steels. However, in spite of numerous investigations, both experimental 
and modeling work, attention has not been put so far on the effect of grain size on the ratcheting behaviour of 
austenitic stainless steels. The present investigation has been done to find the effect of solutionising temperature and 
mean stress on the ratcheting behaviour of solution annealed AISI 304 austenitic stainless steel.  
   
2. Experimental procedure 
The material used in this investigation was in the form of 12 mm diameter rod. The chemical composition of the 
steel in wt. pct. is Fe, C-0.07, Mn-1.55, Si-0.38, S-0.027, P-0.03, Cr-18.7, Nb-0.001, Ni-8.06, and Mo-0.2. Specimen 
blanks of 120 mm in length and 12 mm in diameter sawed from the as-received steel were annealed at 1100°C and 
1200°C for one hour and then quenched in water (~ 28°C). Microstructure of the steel under solution annealed 
condition was observed under an inverted optical microscope, Leica DMILM (Wetzlar, Germany) after usual 
metallographic polishing followed by etching with a solution Glycergia (1 part Glycerol, 3 parts HCl and 3 parts 
HNO3). Optical image of the microstructure has been captured with the help of digital camera, Leica DC300, 
interfaced with a personal computer. Specimens for tensile, ratcheting tests were fabricated from the solution 
annealed specimen blanks samples according to ASTM guidelines (E 466) with excellent surface finish.  
Tensile test has been carried out at a nominal strain rate of 10-3 s-1 under strain-control mode using an static 
extensometer of 25-mm gauge length; the full range capacity of the extensometer being +100 to -10 pct. Test has 
been done in a computer-controlled close-loop servoelectric universal testing machine, Instron 8862 (Instron, High 
Wycombe, U.K.) of ±100 kN load capacity at room temperature [~300 K] under normal laboratory atmosphere. The 
tensile test program was controlled, and data acquisition was accomplished using machine-dedicated Instron Bluehill 
tensile testing software (Instron, High Wycombe, U.K.). 
True stress-control uniaxial ratcheting tests until complete failure of the specimens were carried out at a stress 
rate of 200 MPa s-1 at different of mean stresses (m), keeping stress amplitude (a) constant. A triangular stress 
waveform was used for cyclic loading. The frequency of cycling was adjusted for each combination of m to 
maintain the nominal stress rate of 200 MPa s-1 constant in every test. The test matrix for ratcheting experiments is 
shown in Table 1. Tests were controlled, and data acquisition was done with the help of machine-dedicated general-
purpose WaveMatrix fatigue testing software (Instron, High Wycombe, U.K.). An extensometer of full range 
capacity of +20 to -20 pct was properly kept attached to the specimen gauge section with the help of O-ring for 
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cycle-by-cycle monitoring of the specimen strains during stress cycling. About 200 data points per cycle were 
collected for constructing the stress–strain hysteresis loops. 
 




















Solution annealed at 1100°C Solution annealed at 1200°C 
13 259 -0.90 2.09 5206 2.80 3692 
26 259 -0.82 3.92 5934 4.04 4662 
52 259 -0.67 5.70 10,265 5.62 8066 
78 259 -0.54 7.51 18,290 7.22 12,890 
104 259 -0.43 9.71 31,127 9.27 25,650 
  
3. Results and discussions 
3.1. Microstructure and tensile properties 
Optical microstructure of the investigated 304 Austenitic Stainless steel shown in Figure 1 reveals that 
microstructure consists of equiaxed austenitic grains. Within the grains annealing twins, characteristic of austenitic 
stainless steel are observed. The two-dimensional grain size of the solution annealed steels measured by planimetric 
method using an automatic image analyser (Leica materials Workstation) is 53 and 74 μm for solution annealing 









Figure 1  Optical microstructure of the investigated 304 Austenitic Stainless Steel solution annealed at (a) 1100°C (b) 1200°C 
Engineering stress–strain curves of the investigated 304 ASS under solution annealing conditions are shown in 
Figure 2. The corresponding tensile properties are shown in Table 2. The difference in yield strength, ultimate 













Figure 2  Engineering stress–strain curve of the investigated 304 Austenitic Stainless Steel 
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1100 259 659 68.2 80.8 
1200 236 628 73.1 85.7 
3.2.  Ratcheting strain 
The ratcheting behavior of 304 Austenitic stainless steel has been investigated under different stress conditions 
by finding the ratcheting strain accumulation in the specimen with progression of asymmetric cycling. The true 
ratcheting strain (r) in each cycle has been computed according to the following relationship: 
	  
    
where, max and min represent the maximum and the minimum axial true strain values obtained by the 
extensometer in each cycle in the tensile and compressive directions, respectively.  
The number of cycles and ratcheting strain accumulated until fracture is found to vary with mean stress.  The 
results for all mean stresses have been included in Table 1 for both for both the solution annealing temperatures. The 
variation of ratcheting strain to failure with mean stress (a = constant) is shown in Figure 3. 
It is found that the at constant stress amplitude ratcheting strain to failure linearly increases with increase of mean 
stress, R2> 0.98. Interestingly no significant difference on ratcheting strain to failure with change in solution 
annealing temperature vis-a-vis grain size is observed. It is evident that at the lowest mean stress failure occurs on 
accumulation of very low amount of ratcheting strain.  Feaugas et al. [9] suggested that the ratcheting phenomenon 
is enhanced by tensile plastic strain history, i.e., by maximum stress (max) at the very first cycle of asymmetric 
cyclic loading. It is known that ratcheting occurs through formation of dislocation cell structure, dissolution the cell 
structure and formation of new cells [10]. Whether or not dislocation cells form during forward loading of the first 
cycle depends upon maximum stress (max). From the present results it is inferred that since with increasing mean 
stress maximum stress (max) is correspondingly increased at constant stress amplitude, the effect of increasing mean 
stress (m) means the tendency towards formation of dislocation cell structure becomes more. However, TEM study 
is required to justify the inference. 
 
Figure 3 Variation of ratcheting strain with mean stress at constant amplitude 
In this present study the variation of mean stress automatically changed the max. At very low mean stress level 
max is less and the corresponding ratcheting strain accumulation until fracture also becomes less. When the mean 
stress becomes zero the loading situation becomes completely symmetric and there should not be any accumulation 
of ratcheting strain. This condition of loading can be described as pure stress-control low cycle fatigue. But on 
extrapolation of the linear relationship to zero mean stress we find that even under pure fatigue condition very small 
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amount of ratcheting strain is accumulated. Similar behavior has also been experimentally observed by Pal et al. 
[10] in case of SA333 Grade 6 ferritic steel. It is believed that the residual stresses present after solutionising 
treatment and machining are responsible for evolution of such small amount of ratcheting strain even under pure 
fatigue condition.  
3.3. Ratcheting curves 
Ratchetings curves of solution annealed ASS shown in Figure 4(a)-(b) reveals the ratcheting strain (r) 
accumulation pattern in the specimen as a function of number of cycles (N). The nature of the curves is similar to 
that of conventional creep deformation. As in creep deformation the ratcheting strain accumulation with number of 
cycles also occurs in different stages. For any material the extent of deformation in each stage varies with the stress 
parameters used during cyclic loading.  In the present investigation it has been  observed that for all stress 
combinations, the strain evolution starts with a higher rate, and in the next few cycles, the ratcheting rate is 
considerably decreased, following which a constant non-zero ratcheting strain rate or steady state rate is reached. 
Since accumulation of inelastic ratcheting strain in the specimen leads to reduction of cross-sectional area of the 
specimen, there happens a continuous increase of true stress when the tests are carried out under engineering stress-
control condition. Such uncontrolled increase of true stress causes rapid increase of strain accumulation and high 
ratcheting rate is observed in the third (last) stage of deformation under engineering stress-control (load-control) 
mode of loading. But, in case of true stress controlled tests, stress always remains fixed and hence a small third stage 
compared to the whole life is observed.  In this case failure occurs following propagation of fatigue crack, whereas 
in load control test, the third stage signifies strain accumulation with rapid dislocation activity and in ductile 
materials failure occurs through formation of voids, void growth and their coalescence as that happens in case of 
tensile loading.  
It is also observed that the nature of the curves is same irrespective of solution annealing temperatures. It is 
clearly seen that the more number of cycles are elapsed in the steady state region with increase of mean stress. The 
second stage contributes very little strain accumulation in the specimen compared with the stage one. It is well 
reported in literature [5] that increase of mean stress during asymmetric cyclic loading leads to hardening. It is 
believed that because of this hardening effect the second stage is prolonged with increase of mean stress.  Hardening 
of the material during cyclic deformation can be explained in the ways like, decrease in the size of hysteresis 
loop/hysteresis loop area or decrease in the width of hysteresis loop [12]. In the present study also with increase of 
mean stress the stress-strain hysteresis loop area is decreased. It means that in every cycle energy absorbed per cycle 
becomes less when the mean stress increased. As a consequence of this the total cyclic life is found to increase with 














Figure 4 Ratcheting curves showing the strain evolution pattern with progression of cyclic loading of the investigated 304 Austenitic Stainless 
Steel solution annealed at (a) 1100°C (b) 1200°C 
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3.4.  Effect of mean stress on ratcheting strain evolution 
 The effect of mean stress in case of cyclic loading in the elastic-plastic domain is revealed from the shifting of 
stress-strain hysteresis loop with number of cycles. An example of such shifting is shown in Figure 5. Such shifting 
in the direction of mean stress occurs due non-closure nature of the hysteresis loop. As a result inelastic ratcheting 
strain accumulation occurs in the specimen.  Here the mean stress being positive specimen elongation occurs on 
continued cycling. To what extent this shifting would occur vis-à-vis the ratcheting strain evolution per cycle 
depends on stress parameters. The effect of stress parameters on the evolution of ratcheting strain can be explained 
by taking into account of density of available dislocations after each cycle. In the present investigation, m was 
always kept positive. This means that in the imposed cyclic waveforms max is always greater than | min | and in the 
current study min is always negative. Hence, the density of mobile dislocations at the stress maxima in the loading 
cycles must be more than that at points of stress minima. During the unloading part in the compressive direction of 
the stress cycle, only a fraction of dislocations that form during loading in the tensile direction get annihilated. As a 
result, after every asymmetric loading cycle, there will be a net storage of mobile dislocations in the substructure of 
the material. As the amount of plastic strain depends on the mobile dislocation density, the ratcheting strain 
evolution in every cycle will be higher with the increasing maximum stress resulting from the increased mean stress 












        
Figure 5 True stress–strain response of the material at mean stress of 104 MPa and stress amplitude of 259 MPa of 












Figure 6 Typical stress–strain hysteresis loops showing increased opening of the loops and shift  with increasing mean at constant amplitude and 
N=5 for both annealed samples.  
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Figure 6 shows the hysteresis loops for the 5th cycle for every mean stress used in the present investigation, 
keeping stress amplitude constant. It is observed that for the lowest mean stress (m = 13 MPa), the non-closure part 
of the hysteresis loop is extremely small. But with the increase of mean stress this non-closure part gradually 
increases. As a result ratcheting strain accumulation per cycle becomes extremely less when the mean stress is very 
low. At higher mean stress the position of the hysteresis loops (N=5) is at a larger strain value. This shows that with 
increase of mean stress ratcheting deformation occurs rapidly. It is thus found that the difference in the ratcheting 
behaviour or in ratcheting strain accumulation behaviour per cycle with variation of mean stress depends upon the 
degree of asymmetry of the cyclic loading. As the asymmetry increases the remnant dislocation in each cycle 














Figure 7  (a) Cycles to failure with varying mean stress (b) Variation of hysteresis loop area with mean stress 
     From Figure 7-a it is seen that the number cycles for complete failure by ratcheting is found to increase 
exponentially (R2 > 0.99) with increase of mean stress. Such increase in the ratcheting life is attributed to mean 
stress hardening during asymmetric cyclic loading.  This can be explained by the variation of damage accumulation 
with mean stress. Damage accumulation can be defined as the accumulation of plastic strain energy [13] which is 
mainly attributed to the dislocation dynamics. During stress cycling, the specimens absorb cyclic plastic strain 
energy in every cycle. Large hysteresis loop area is the indication of more energy absorbed by the specimen at every 
cycle resulting in lessening of cyclic life. [12] The hysteresis loop areas of saturated cycles (i.e., Nf/2 cycle;          
Nf = number of cycles to failure) at different loading conditions has been quantiﬁed and plotted against mean stress, 
Figure 7-b. It is observed that with increase of mean stress, hysteresis loop area decreases obeying a power 
relationship. Further specimens with lower solution annealing temperature absorbs less plastic strain energy 
compared to higher solution annaealing temperature because of higher yield strength. Hence ratcheting fatigue life 
of specimens with lower solution annealing temperature becomes more as compared to the specimens with higher 
solutionising temperature. 
4. Conclusions 
 Ratcheting strain to failure accumulation linearly increases with increase of mean stress. No dependence of 
ratcheting strain to failure on solution annealing temperature vis-à-vis grain size  has been observed.   
 The ratcheting fatigue life exponentially increases with increase of mean stress. The hardening associated 
with increase of mean stress and the corresponding lowering of absorbed cyclic plastic strain energy per cycle 
increases the ratcheting fatigue life.  
 However, specimens with lower solution annealing temperature have higher ratcheting life compared to the 
specimens with higher solutionising temperature. This happens because of higher yield strength of specimens 
solutioninsed at lower temperature and the corresponding decrease in cyclic plastic strain energy per cycle.  
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